Malignant gliomas (glioblastoma multiforme and anaplastic astrocytoma) occur more frequently than other types of primary central nervous system tumors, having a combined incidence of 5-8/100,000 population. Even with aggressive treatment using surgery, radiation, and chemotherapy, median reported survival is less than one year. Alkylating agents, such as temozolomide (TMZ), are among the most effective cytotoxic agents used for malignant gliomas, however, the responses still remain poor. Here, we present data about an enhancement of TMZ treatment effect towards rat and human glioma cells in vitro by immobilizing this drug with a new nanoscale polymeric-phospholipidic delivery system. It is a water-soluble comb-like poly(PM-co-GMA)-graft-PEG polymer consisting of a backbone that is a copolymer of 5-tert-butyl-peroxy-5-methyl-l-hexene-3-yne (PM) and glycidyl methacrylate (GMA) and polyethylene glycol (PEG) side chains. The molecular weight of the carrier was 94,000 g/mol. Conjugation of TMZ with a novel polymeric carrier functionalized with phosphatidylcholine resulted in approximately 2 times enhancement of anticancer activity of TMZ. Combining of TMZ with doxorubicin (50 nM) resulted in further enhancement by 23% of the antiproliferative effect of TMZ. TMZ caused apoptosis in glioma cells via activation of MAPK signaling pathway, inhibition of STAT3, and affected a transition through G2/M phase of cell cycle. These features make the novel nano-formulation of TMZ a perspective strategy for further development of this drug. K e y w o r d s: glioblastoma, apoptosis, temozolomide, doxorubicin, polymeric carrier.
G liomas (glioblastoma multiforme (GBM) and anaplastic astrocytoma (AA)) are the most common types of primary tumors of central nervous system (CNS) and have a combined incidence of 5-8/100,000 population. The five-year survival rates for brain tumors are the third lowest among all types of cancer where pancreas and lung cancers are the first and second, respectively [1] . The prognosis for patients with the advanced glioblastoma multiforme is very poor, and the mean survival period is 8-10 months. One of the challenges for testing new agents in this disease is the fact that brain tumors are uncommon, one-tenth as frequent as breast or lung cancer. Therefore, an unlimited number of large, prospective, randomized, controlled studies is not possible. As a result, there is reliance on nonrandomized studies as the principal design for identification of potentially active therapies that should be studied in more definitive, randomized trials [1] .
The methylating drugs, such as temozolomide (TMZ), are widely used in treatment of brain tumors, particularly the malignant gliomas [2] . TMZ is a small (194 Da) lipophilic molecule that can be administered orally, and it crosses effectively the blood-brain barrier (BBB) [3] . TMZ is an imidazotetrazinone with activity attributed to the formation of a reactive methyldiazonium cation and methylation of O6-guanine in the DNA molecule. Clinical responses to TMZ are closely linked to the activity of O6-alkyl-guanine-DNA alkyl-transferase (AGT), a DNA repair protein that removes O6-alkyl-guanine adducts in the DNA [4] . TMZ advantages attractive for use in treatment of CNS tumors include excellent oral bioavailability and good circumvention of the BBB [5] . Although a survival for glioblastoma multiforme has not changed significantly over the past three decades, the emergence of novel treatment strategies for these tumors has led to heightened interest and optimism among oncologists [1] . New treatment strategies are emerging that target steps in the molecular pathogenesis of these tumors.
A perspective strategy to improve the activity of anticancer drugs is the combining of two or more drugs possessing different mechanisms of action that could produce the additive or synergistic effects. Generation of combinatorial approaches that act on the compensatory pathways in tumors may notably improve the effectiveness of the targeted therapy used alone [6] .
New directions for the use of TMZ will likely focus on drug delivery to the targets in CNS. Since 90% of malignant gliomas recur within 1-2 cm of the original site, local therapy may be an effective strategy [1] . One of the methods here is the use of polymeric carriers to deliver drugs via diffusion from the micropores in the polymer matrix or by a release of drug within the interstices of a degradable matrix. Strategies to circumvent the BBB (polymers, bradykinin analogues, gene therapy) are important advances that have also shown an efficacy in early clinical trials. Future treatment strategies for malignant gliomas will likely involve synergistic combinations of agents aimed at different pathways in the molecular pathogenesis of this type of cancer.
A central approach is the development of the nanoparticle formulations to reduce the acute toxicity of free drug and improve its therapeutic efficacy. To reach that goal, various dendrimer-, polymer-, liposome-, and micelle-based systems were designed as delivery vehicles [7, 8] . Besides, a decrease of adverse effects, several nanoparticle-based drug delivery systems [9, 10] were developed in order to bypass specific efflux proteins and to selectively increase drug accumulation in drug-resistance tumor cells.
In this article, we developed the conjugate of TMZ with novel polymeric carrier (A24-p-TMZ) functionalized with the phosphatidylcholine. We aimed to examine whether such modification of TMZ can enhance its treatment effect towards rat and human malignant glioma cells grown in vitro. The mechanisms of the proapoptotic action of TMZ in free and polymer-immobilized forms have been evaluated.
Materials and Methods
cell lines and culture conditions. The C6 rat glioma and T98G human glioblastoma multiform cell lines were obtained from a collection at the Institute of Molecular Biology and Genetics, National Academy of Sciences of Ukraine (Kyiv, Ukraine). Cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich, USA) supplemented with 10% fetal bovine serum (APP, Austria). Cells were cultivated in the CO 2 -thermostate at 37 °C in atmosphere of 95% air and 5% CO 2 at 100% humidity.
Reagents. Fig. 1 ) was kindly supplied by the Department of Functional genomics (Institute of Molecular Biology and Genetics, National Academy of Sciences of Ukraine). Doxorubicin (Dox) was purchased from Arterium (Ukraine) via a standard pharmacy distribution.
The polymeric carrier (Fig. 2 ) was synthesized at the Department of Organic Chemistry at Lviv Polytechnic National University (Lviv, Ukraine). It was a water-soluble comb-like polymer poly(PM-co-GMA)-graft-PEG consisting of backbone that was copolymer of 5-tert-butyl-peroxy-5-methyl-l-hexene-3-yne (PM) and glycidyl methacrylate (GMA) and polyethylene glycol (PEG) side chains. The molecular weight of the carrier was 94.000 g/mol [11, 12] . To prepare TMZ delivery system, solution of 100 mg/ml Fig. 1 . temozolomide poly(PM-co-GMA)-graft-PEG was prepared in the dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA). For preparation of phosphatidylcholine, containing system 50 mg of phosphatidylcholine were dissolved in 1 ml of chloroform, then chloroform was evaporated to obtain thin film of the phosphatidylcholine. 100 mg/ml solution of poly(PM-co-GMA)-graft-PEG in DMSO was added to the phosphatidylcholine film and kept at room temperature for 1 h. Then, 3.0 mg of TMZ were dissolved in 0.5 ml DMSO and the resulting solutions of TMZ and polymer were mixed and added drop by drop to 8.5 ml water containing 0.9% NaCl. Finally, the solution was stirred for 1 h and then sonicated for 20 sec.
Anti-proliferative assays. Screening of anticancer activity in vitro of free TMZ and its encapsulated form with the polymeric carrier functionalized with the phosphatidylcholine and Dox (the last was used here as a reference drug control) was measured using MTT assay [13] . Tumor cells were grown for 24 h in 96-well plates (0.1 ml) at 5,000 cells/well. After that, cells were incubated for 72 h with various additions of the synthesized compounds (final concentration of 0; 50; 100; 250 μM). MTT reagent which is converted to dark blue, water insoluble MTT formazan by the mitochondrial dehydrogenases, was used to determine viable cells according to the manufacturer's protocol (Sigma-Aldrich, USA). The IC 50 of the tested compounds was calculated as a lethal concentration of drug killing 50% cells in comparison with an untreated cell culture. The viability of the untreated cells was regarded as 100%.
Fluorescent microscopy. FITC-conjugated Annexin V and Propidium Iodide (PI) double staining were performed in order to detect early apoptotic events in C6 rat glioma cells treated with free and Fig. 2 . Structure of the of the polymeric carrier functionalized with the phosphatidylcholine conjugated with polymeric carrier TMZ, and polymeric carrier. FITC-conjugated Annexin V (SigmaAldrich, USA) and PI (Sigma-Aldrich, USA) were added directly to the culture medium of drug-treated C6 rat glioma cells to reach a final concentration of 250 μM of free and polymeric carrier functionalized with phosphatidylcholine, polymer-encapsulated TMZ, and A24-p-TMZ. In 72 h after the addition of the tested compound, the C6 cells were pelleted by centrifugation at 2,000 rpm, washed twice with 1x Phosphate Buffered Saline (PBS), and incubated for 15 min in the Annexin V binding buffer containing 1/20 volume of FITC-conjugated Annexin V solution and PI (20 μg/ml). 10 μl of cell suspension were added on slides and cover glasses were placed over them. The cells were examined under Zeiss AxioImager A1 fluorescent microscope (Carl Zeiss, Germany).
Western blot analysis. After 48 h exposure of the tested compound, cell proteins were isolated, resolved by SDS/PAGE, and transferred onto a polyvinylidene difluoride (PVDF) membrane for Western blotting, as described [14] . The following antibodies were used at a 1:1,000 dilution: anti-ERK ½, anti-STAT3, anti-phospho-cdc2 (Tyr 15) (Cdk1), antiphospho-Rb (Ser 807/811), anti-cleaved Caspase 3 (Cell Signaling Technology, USA), anti-JNK (sc-571), anti-Cdk2 (sc-6248) (Santa Cruz Biotec., USA). Equal protein loading of each lane was evaluated by the immunoblotting of the same membrane with anti-beta-actin monoclonal mouse AC-15 (Sigma-Aldrich, USA). All secondary peroxidase-labelled antibodies (Cell Signaling, USA) were used at working dilution of 1:5,000.
Statistical analysis. All data are presented as mean ± SD. Results were analyzed and illustrated with GraphPad Prism (version 6; GraphPad Software, San Diego, CA). Statistical analyses were performed using two-way ANOVA with Bonferroni post-tests (apoptosis induction, tumor growth). A Pvalue of < 0.05 was considered statistically significant.
results and discussion
Anticancer activity of temozolomide. To examine the antitumor effect in vitro of free TMZ and its complex with the polymeric carrier functionalized with the phosphatidylcholine (A24-p-TMZ) towards glioma cells, we treated glioma cell lines (rat C6 and human T98G) with 0-250 μM of studied compounds for 72 h. Then, cell viability was determined by the MTT assay.
When chemo-sensitivity of C6 rat glioma cell line towards studied compounds was studied, similar dose-dependent changes in cellular viability was found. The IC 50 (concentration resulting in cell viability of 50% of control) of TMZ was 74.6 ± 5.1 μM, while the IC 50 of A24-p-TMZ was 72.4 ± 4.1 μM (Table) . However, T98G human glioblastoma multiform cells showed to be more resistant to TMZ (IC 50 = 243.1 ± 3.2 μM) than to the A24-p-TMZ (IC 50 = 165.9 ± 3.1 μM) (Table) .
It should be noted that the polymeric carrier functionalized with phosphatidylcholine itself did not affect proliferation of C6 and T98G glioma cells considerably (Fig. 3) .
As shown in Fig. 4 (Fig. 4) . While the IC 50 value at the action of free TMZ was reached only in 48 h of incubation. In 6 h of incubation, the cytotoxic effects of A24-p-TMZ complex and free TMZ were almost the same. We have observed difference in the cytotoxicity of drugs after 24 h and 48 h incubation, where A24-p-TMZ complex possessed higher cytotoxic effect at lower concentration of used substances. However, similar IC 50 of free and conjugated form of TMZ towards C6 cell line were found (Fig. 4) . Next, we studied the cytotoxic effect of free and polymer-conjugated form of TMZ, and the polymeric carrier towards T98G human glioblastoma multiform cell line (Fig. 5) .
We have found that free TMZ achieved its IC 50 at 48 h treatment of human T98G glioblastoma mul- . After 72 h of incubation, the IC 50 was 243.14 ± 3.21 μM that is almost 3 times higher value than the IC 50 for rat C6 glioma cells (IC 50 = 74.55 ± 5.06 μM). TMZ conjugated with the polymeric carrier functionalized with the phosphatidylcholine reached its IC 50 at 48 h of incubation. The IC 50 of the conjugated form of TMZ was 165.9 ± 3.1 μM that is 1.5 times lower than that of the free form of TMZ. Thus, conjugation of TMZ with novel polymeric carrier functionalized with the phosphatidylcholine leads to enhancement of the antiprolifera tive activity of this drug.
The synergistic effect of doxorubicin combined with free and conjugated forms of temozolomide. Combination of two or more drugs possessing different mechanisms cytotoxic action or demonstrating different mechanisms of circumventing drug resistance can produce additive or synergistic effects in the action of anticancer drugs [6] . That is why, to improve the antitumor effect in vitro of free and conjugated form of TMZ, we have additionally used traditional anticancer drug -the Dox. To investigate possible synergistic effect of Dox in combination with various forms (free and encapsulated) of TMZ, we used MTT assay after 72 h of incubation of cells with the studied drugs.
The obtained results demonstrated that the presence of Dox in cultural medium did not affect the antitumor action of free form of TMZ (Fig. 6) . However, Dox increased the cytotoxic action of TMZ conjugated with the polymeric carrier functionalized with the phosphatidylcholine towards rat C6 glioma cells. The addition of Dox (50 nM) to the culture medium led to a decrease in the value of ІС 50 from 67.9 μM to 52.46 μM. So, the effectiveness of A24-p-TMZ complex was improved by 23% with its combination with the Dox.
Mode of temozolomide action. Previously, it was reported that TMZ-induced apoptosis in the glioblastomas, however precise mechanisms of such action are still not clearly understood [15] . To determine whether TMZ-treated glioma cells undergo apoptosis, we performed a supra-vital double staining with FITC-conjugated Annexin V and PI of rat glioma cells treated with free TMZ and its form conjugated with the polymeric carrier functionalized with the phosphatidylcholine. As shown in Fig. 7 , 48.9% of apoptotic cells were detected in rat C6 glioma cells treated for 72 h with TMZ (75 μM). While the polymer-conjugated form of TMZ induced appearance of 44.8% apoptotic C6 glioma cells. Thus, the cytotoxic action of TMZ is due to induction of apoptosis in these cells.
Fig. 5. Exposure time-dependency of free temozolomide and its form encapsulated by the polymeric carrier functionalized with the phosphatidylcholine towards T98G human glioblastoma multiform cell line. Measurements were performed after 3, 24, 48 and 72 h of exposition to studied compounds. Viability of cells was determined using Mtt assay

Fig. 6. Patterns of cytotoxic action of free temozolomide and its form conjugated with the polymeric carrier functionalized with the phosphatidylcholine towards rat C6 glioma cells under addition of 50 nM doxorubicin. After a total experimental time of 72 h, cell vitality was measured by the MTT assay
At the next stage of study, we explored the signaling pathways for apoptosis during action of free and conjugated forms of TMZ in combination of Dox. The reason to conduct such study was that we have shown that low dose of Dox (50 nM) enhanced the cytotoxic action of polymer-conjugated form of TMZ (see: Fig. 6 ), while other investigators found that Dexamethasone decreased temozolomideinduced apoptosis in human gliobastoma T98G cells [15] .
It is known that cellular stresses and some other stimuli can induce apoptosis via modulating a signaling pathway of the mitogen-activated protein kinases (MAPK) [16] . Here we found that conjugated TMZ enhanced phosphorylation of JNK kinases. A combination with Dox (50 nM) of free TMZ and its conjugated form with the polymeric carrier also caused an activation of JNK kinases (Fig. 8) . These proteins are activated as a result of negative impact of some external factors. In turn, pJNK induces activation of a large number of specific proteins involved in apoptosis (p53, ATF-2, c-Jun and others). Thus, an increase in the amount of pJNK could be a characteristic feature of cells that die by apoptosis. (Fig. 8) . According to literature data, the phosphorylated STAT3 is a transcription activator acting as a signaling molecule for many cytokines and growth factors. This protein was activated at different types of cancer and possessed an oncogenic effect and anti-apoptotic properties [16] .
Fig. 7. Ratio of dead cells treated for 72 h with free temozolomide and its form conjugated with the polymeric carrier functionalized with the phosphatidylcholine. Ratio of dead cells was determined by the Annexin V (indicator of apoptosis) and PI (indicator of necrosis) co-staining of rat C6 glioma cells. Percentage of the apoptotic cells was analyzed using the fluorescent microscopy
We have also found an increased amount of CDK2 protein under the action of TMZ conjugated with the polymeric carrier and under the action of combination of Dox with free TMZ and its conjugated form with the polymeric carrier (Fig. 8) .
Next, we studied the mechanism of the proapoptotic action of free TMZ and its polymerconjugated form in combination with the Dox in human T98G glioblastoma cells. It was found that the amount of cleaved Caspase 3 increased more definitely under the effect of free form of TMZ than under the effect of polymer-conjugated TMZ. However, the combination of TMZ with Dox decreased the level of cleavage of Caspase 3 (Fig. 9) .
The obtained results also showed an increase of JNK kinase in T98G cells under the effect of all forms of TMZ and its combination with the Dox (50 nM). Besides, we have found that free TMZ and its form conjugated with the polymeric carrier inde- Cleaved pendent on a combination with the Dox caused an increase in the amount of ERK 1/2 protein (Fig. 9) . Treatment of the T98G glioma cells with free TMZ and its form conjugated with the polymeric carrier independent on a combination with the Dox caused a reduction in the amount of STAT3 protein.
Combination of Dox with TMZ conjugated with the polymeric carrier caused more pronounced decrease in the amount of STAT3 protein (Fig. 9) .
Combination with Dox of TMZ conjugated with the polymeric carrier decreased an amount of cyclin-dependent kinase 1 (Cdk1). It is known that an elevation of the Cdk1 plays a key role in controlling the eukaryotic cell cycle through modulating centrosome cycle, as well as a mitotic onset. Cdk1 promotes the G2/M transition and regulates G1 progress and the G1-S transition via association with the multiple interphase cyclins [17] .
While the amount of phosphorylated form of Rb protein under the effect of TMZ alone was rather weak, TMZ combined with the Dox caused more pronounced increase in the amount of phosphorylated pRb. Although, combination of Dox with TMZ conjugated with the polymeric carrier did not affect the level of phosphorylated pRb (Fig. 10) .
Thus, the obtained results demonstrated that cytotoxicity of TMZ towards glioma cells is related to induction of their apoptosis via activation of MAPK signaling pathway, inhibition of STAT3, and affecting a transition of G2/M phase in cell cycle.
Patients suffering from malignant glioma, in particular glioblastoma multiforme, have a very poor prognosis. Standard therapy, in addition to surgery and radiotherapy, includes treatment with alkylating agents, specifically TMZ, and the chloroethylating drugs, such as carmustine and nimustine. In future, the use of TMZ as well as other methylating drugs is expected to become more dominant than a use of chloroethylating agents because of less severe negative side effects [2] .
Application of the nanocarriers for delivery of anthracyclines including the Dox can be a successful strategy aimed at improvement of the pharmacological characteristics and, thus, at reduction of adverse effects. Most of available nanoparticles were designed for addressed tumor targeting. In this study, we present a novel polymeric/phospholipid conjugate of TMZ which resulted in an enhanced anticancer activity in vitro. It was found that nanocomplexation of TMZ increased approximately twice its antipro- liferative activity. It could be due to the selectively increase of the drug accumulation in tumor cells and slow drug release into the interstitial space of the tumor [18, 19] . Application of such kind of complex stimulates the cells to accumulate the drug by endocytosis pathway and by macropinocytosis pathway. Endocytotic drug uptake could be the promising strategy to diminish the effects of chemotherapy resistance [20] . In addition, many nanoparticles that are PEGylated are characterized by reduced binding to serum proteins or (immune) cells and, such, evade their degradation via incorporation by macrophages [18] . The mechanism of apoptosis induction by the O6-methylating agents has been elucidated in detail in various experimental models such as rodent cell lines [21] , lymphoblastoid cells [22] and peripheral human lymphocytes [2] . However, this mechanism remains enigmatic in the malignant gliomas and some other tumor types. It was reported that in human glioma cells TMZ might induce either a p53-associated G2/M arrest followed by cell senescence or p53-independent mitotic catastrophe [23] . In another study, TMZ was proposed to induce an autophagy, while it failed to induce apoptosis in the malignant glioma cells [3] , although glioma cells growing as spheriods were shown to be sensitive to apoptosis induced by the alkylating agent [24] .
These contradictory data prompted us a necessity of studying in more detail the mechanism of induction of glioma cell death upon treatment with TMZ. Here, we demonstrated that glioma cells un-dergo apoptosis following their treatment with free TMZ and its form conjugated with the polymeric carrier functionalized with the phosphatidylcholine.
Other strategy aimed at enhancement of the activity of anticancer drugs is the combining the action of two or more drugs. Favorable safety profile of TMZ allows it to be co-administered with various additional agents. The antitumor activity of TMZ is dependent on the level of alkyl-guanine alkyltransferase (AGT) in tumor cells. The results of the preclinical studies indicate that inhibition of AGT potentiates the activity of TMZ in several human tumor cell lines [6] .
Current chemotherapy approaches in glioblastoma treatment are based on using high doses of TMZ (75-200 mg per square meter of body surface per day). Unfortunately, such regiment induces neurotoxicity and cognitive dysfunction expressed as a treatment-related negative side effects [25] . There is a preclinical evidence indicating that cisplatin can enhance the antitumor activity of TMZ [6] .
In our study, combining of TMZ and Dox (50 nM) actions resulted in an enhancement of the anti-proliferative effect of TMZ. Besides, the anticancer activity of A24-p-TMZ complex was enhanced by 23% at its combination with the Dox.
The precise mechanism of action of TMZ in glioblastoma cells remains to be elucidated [26] . It was shown that treatment of human tumor cells with TMZ induced an increase in the activity of PARP -DNA reparation enzyme involved in nucleotide excision repair. The inhibition of PARP has been reported to be a mechanism of enhancing a cytotoxicity of the methylating drug agents [6] . In this study, we showed an increased caspase-3 cleavage under the action of TMZ towards glioma cells.
A number of intracellular signaling pathways was described in the regulation of growth and survival of GBM. They include the activation of the epidermal growth factor receptor (EGFR) in these cells, and EGFR dysfunction correlates with poor prognosis in cancer patients [26] . Activation of EGFR leads to induction of downstream signaling pathways such as phosphorylation of AKT, MAPK and JNK [27] .
Our data showed an increase in the level of phospho-ERK1/2 and phospho-JNK in T98G glioma cells. These kinases function downstream of the EGFR signaling which is commonly associated with GBM pathology. Thus, auto-trans-phosphorylation of EGFR could activate AP-1 via ERK1/2 and JNK [26] . Also, ERK can regulate cell growth at the transcription level affecting an early response gene, such as c-fos, that is mediated by STAT3 (Ser727) activation. STAT3 mediates the expression of a variety of genes in response to cell stimuli, and, thus, plays a key role in many cellular processes such as growth and apoptosis. It was reported that STAT3 acts as a general positive regulator of cell transformation and oncogenesis in various tissues including brain [28, 29] . So, STAT3 inhibition under the action of free TMZ and its form conjugated with the polymeric carrier could provide the tumor suppressor action.
Cdk1 is a catalytic subunit of highly conserved protein kinase complex known as M-phase promoting factor (MPF) which is essential for G1/S and G2/M phase transitions of the eukaryotic cell cycle. pRb remains phosphorylated throughout S, G2 and M phases. When pRb is hyper-phosphorylated, it is unable to form a complex with transcription factor E2F and, therefore, to restrict a progression from the G1 to the S phase of cell cycle [30] .
Thus, we found that TMZ induces apoptosis in glioma cells via activation of MAPK signaling pathway and inhibition of STAT3 and affects a transition through G2/M phase. A novel polymeric carrier functionalized with the phosphatidylcholine is capable of enhancing approximately twice an anticancer therapeutic efficacy of TMZ in vitro. Combination of TMZ with the Dox (50 nM) resulted in further improvement by 23% of the anti-proliferative effect of TMZ. These features make the novel nano-formulation of TMZ a perspective candidate for further development of this drug. 
